Introduction
Heme proteins are the most popular metalloproteins exhibiting a wide variety of functions such as oxygen storage/transport, electron transfer, and redox reactions of various substrates. In addition to these traditional heme proteins, a new class of heme proteins termed the heme-based sensor proteins has been reported recently, in which the heme acts as a sensor of an effector molecule. 1) There are five such proteins known, soluble guanylate cyclase (sGC),
2) FixL, 3) DOS, 4) HemAT, 5) and CooA. 6, 7) These proteins contain a heme that acts as a sensing site of NO (sGC), O2 (FixL, DOS, and HemAT), and CO (CooA).
CooA from Rhodospirillum rubrum is a heme-based COsensing transcriptional activator. A purple, nonsulfur, photosynthetic bacterium, Rhodospirillum rubrum can grow on carbon monoxide (CO) as the sole energy source under anaerobic conditions in the presence of CO.
8) The expression of the proteins coded in the cooFSCTJ and cooMKLXUH operons is induced under these conditions, which is regulated at the transcriptional level. 9, 10) The genes of key enzymes to gain the energy necessary for the growth on CO such as CO dehydrogenase and hydrogenase are coded in the coo operons.
9,10)
CooA is the transcriptional activator for regulating the expression of the coo operons.
CO is a physiological effector regulating the activity of CooA, i.e., only the CO-bound form of CooA can be bound to the target DNA and is active as a transcriptional activator. 6, 7, 9, 10) CooA is the first known example of a heme protein in which CO plays a physiological role.
Although the function of the heme in CooA is a sensor of a gaseous effector molecule, as is the case for other heme-based sensor proteins, the coordination structure of the heme in CooA is quite different from that in FixL and sGC. In the case of FixL and sGC, the heme is five-coordinated with histidine as a proximal ligand in the resting state, and binds the effector, O2 or NO, at the distal side trans to the proximal histidine. 1) In contrast, the heme in CooA is six-coordinated in the ferric, ferrous, and CO-bound forms. 11, 12) Therefore, CO must replace one of the axial ligands in the ferrous heme when the heme in CooA binds its effector, CO. The exchange of the axial ligand upon CO binding is functionally relevant for CooA, as described below.
CooA is a member of the CRP/FNR family of the transcriptional regulators and consists of two domains, the hemebinding and DNA-binding domains.
13) A helix-turn-helix motif in the C-terminal DNA-binding domain in CooA is responsible for the specific interaction between CooA and its target DNA sequences. Mutagenesis studies have identified the amino acid residues in the helix-turn-helix motif and base pairs in the CooA-dependent promoter that are responsible for the specific interaction between CooA and its target DNA.
14)
Coordination structure of the heme in CooA
Since the heme in CooA plays a central role in sensing CO and in regulating the transcriptional activator activity of CooA, determination of the coordination structure of the heme in CooA is required to understand the mechanisms of CO sensing and of the activation of CooA by CO. Mutagenesis studies, EPR, resonance Raman, and uv/vis spectroscopies have revealed that the heme is in the six-coordinated and low-spin state in ferric, ferrous, and CO-bound CooA, and that Cys The coordination structure of the heme in CooA is summarized in Fig. 1 . CooA shows several unique features in terms of the coordination structure of the heme. First, the nitrogen atom from a Pro is the axial ligand of the ferric and ferrous hemes. This is the first time that a Pro ligand has been observed in a heme protein. Second, the exchange of the axial ligand takes place between Cys 75 and His 77 concomitant with the change in the oxidation state of the heme. Third, CO replaces one of the axial ligands of the ferrous heme, which is six-coordinated with two axial ligands, to form CO-bound CooA under physiological conditions.
Redox properties of the heme in CooA
Nernst plots for determining the reduction and oxidation midpoint potentials of wild-type CooA are shown in Fig. 2 . The reduction and oxidation midpoint potentials of wild-type CooA were calculated from the plots to be −320 mV and −260 mV, respectively. In the case of wild-type CooA, the reduction and oxidation midpoint potentials were not identical, i.e., the oxidation midpoint potential was shifted positively by 60 mV compared with the reduction midpoint potential.
If a simple redox reaction of the heme in CooA takes place during the electrochemical redox titrations, the midpoint potentials should be identical to each other. However, this is not the case for CooA. On the basis of the coordination structure described above, the reduction and oxidation reactions of the heme iron are accompanied by the ligand exchange, and are thought to proceed according to the schemes shown in Scheme 1.
A similar hysteresis in the redox titrations has been observed for cytochrome cd1 from Paracoccus pantotrophus.
17) The oxidized Paracoccus pantotrophus cytochrome cd1 has His/His axial ligation at the c heme iron and Tyr/His axial ligation at the d1 heme iron. 18, 19) Upon reduction, the ligation of the c heme iron switches to His/Met concomitant with dissociation of the Tyr from the d1 heme iron. 18, 19) Koppenhöfer et al . have reported that the hysteresis in the redox titrations is observed in the case of Paracoccus pantotrophus cytochrome cd1 because the true equilibrium is not reached for the ligandswitching reactions during the redox titrations.
17)
The reduction and oxidation of CooA should proceed with the same midpoint potential, if all the reaction steps shown in Scheme 1 are in equilibrium. However, this is not the case for wild-type CooA as shown in Fig. 2, i. e., the apparent reduction and oxidation midpoint potentials are different. Since the equilibrium is not reached for the ligand-switching reactions during the redox titrations, the hysteresis in the redox titrations is thought to be observed also in the case of CooA, as is the case for Paracoccus pantotrophus cytochrome cd1.
To support the above suggestion, we also examined the redox titrations of the H77G mutant of CooA in which His 77 , one of the axial ligands of the ferrous heme, is replaced by Gly. The results of the electrochemical redox titrations for H77G CooA are shown in Fig. 3 . The redox properties of H77G CooA were significantly different from those of wild-type CooA, in which the reduction and oxidation midpoint potentials (−420 mV) were identical to each other. Since H77G CooA lacks His 77 , only redox reactions of the heme iron seem to take place during the redox titrations. The ligand switching during the redox titrations, the vertical transitions in Scheme 1, does not take place in the case of H77G CooA, which is the reason why the hysteresis in the redox titrations was not observed for H77G CooA.
CooA shows a lower reduction and oxidation potential compared than other heme proteins. The low oxidation potential of CooA could be related to the regulation of CooA activation. CooA is required for CO-dependent expression of the coo operons encoding a CO-oxidizing system that allows R. rubrum to grow on CO as the sole energy source. 20) CooA is activated only in the presence of CO under anaerobic conditions to induce the expression of the coo operons. 8, 9) Even in the presence of CO, however, CooA must not be activated under aerobic conditions because CO dehydrogenase, a key enzyme for the CO-oxidizing system encoded in the coo oper- ons, is labile to oxygen.
21) The low oxidation potential of CooA would facilitate the oxidation of the heme to prevent CooA from being activated in vivo, once oxygen is present in the cells.
Geminate recombination of CO in flash photolysis of CObound CooA
The electronic relaxation of the heme, and the concurrent recombination between ligands and the heme at ∼280 K have been examined by means of pico-second time-resolved laser flash photolysis spectroscopy. Upon photoexcitation of reduced CooA at 400 nm, electronic relaxation of the heme occurs with time constants of 0.8 and 1.7 ps. The ligand rebinding is substantially completed with a time constant of 6.5 ps, followed by a slow relaxation process with a time constant of 173 ps. In the case of CO-bound CooA, relaxation of the excited heme occurs with two time constants, 1.1 and 2.4 ps, which are largely similar to those of electronic relaxation for reduced CooA. The subsequent CO recombination process is remarkably fast compared with that of other CO-bound heme proteins. It is well described as a biphasic geminate recombination process with time constants of 78 ps (60%) and 386 ps (30%), as shown in Fig. 4 . About 10% of the excited heme remained photodissociated at 1.9 ns, which indicates that the yield of geminate recombination of CO is about 90% in the case of photolysis of CO-bound CooA. The fast geminate recombination of CO and high geminate recombination yield appear to be caused by a crowded heme pocket where CO exists. The N-terminal Pro 2 , which is displaced from the heme iron when CO binds to the heme, may cause the crowded heme pocket to prevent photodissociated CO from diffusing out of the heme pocket.
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